We accurately retrieved tidal gravimetric parameters using long-term continuous tidal gravity measurements recorded by superconducting gravimeters (SGs) at stations in Lhasa, Lijiang, and Wuhan, China. We used these results to investigate the influences of the special tectonic setting on regional tidal deformation. We accurately evaluated scale factors of SGs with high precision better than 0.06%. We carefully removed the effects of barometric pressure and oceanic loading from tidal gravity observations. We did not observe any obvious differences in amplitude factors for main tidal gravity waves for the stations in Lhasa and Lijiang. In the plateau area, we found the amplitude factor to be about 0.34% larger than that in the plain (Wuhan). Our study shows for the first time that the main reason for such tidal gravity anomalies can be explained by the influence of the special tectonic setting in the Tibetan Plateau.
INTrODUCTION
Gravitational tides are the resultant periodic changes in gravity fields associated with the Earth's deformation under tidal-generating forces from celestial bodies, including the Sun, the Moon, and the other planets. These tidal-generating forces are the dominant components in temporal gravity variation, and the largest magnitude of these forces is more than 250 μGal on the surface of the Earth. Previous research has shown that the tidal gravity change consists mainly of discrete harmonic signals located in long-period, diurnal (D), semidiurnal (SD), and terdiurnal (TD) frequency bands (Melchior 1994) . The characteristics of gravity tides usually are described by using gravimetric parameters of the individual tidal waves, including the dimensionless amplitude factor δ and phase difference Δφ. The amplitude factor is defined as the ratio of observed tidal gravity changes to those of a rigid Earth under tide-generating forces at the same location on Earth's surface, and is a linear combination of Love numbers. The research also shows that the gravimetric parameters, as well as the associated Love numbers, are comprehensive reflections of the Earth's interior structure and dynamical processes, including the layered spheres, the physical properties of the medium, Earth's rotation, free oscillation, free core nutation and so on. Theoretically, the gravimetric parameters can be modeled by means of a numerical integral of the deformation equations of the Earth's tides (Wahr 1981; Dehant et al. 1999; Mathews 2001; Xu and Sun 2003; Métivier and Conrad 2008) . On the basis of accurate astronomical ephemerides deduced from modern astrometry, tide-generating potential (forces) can be modeled accurately at any place on the Earth's surface (Doodson 1921; Hartmann and Wenzel 1995; Roosbeek 1996) . Meanwhile, these gravimetric parameters also can be retrieved accurately from long-term continuous tidal gravity measurements (Melchior et al. 1996; Xu et al. 2004; Sun et al. 2005b; Hinderer et al. 2015) . Therefore, precise tidal Terr. Atmos. Ocean. Sci., Vol. 30, No. 1, 139-149, February 2019 gravity observations can reveal the Earth's exact response to these tide-generating forces and can contain abundant information about the structure of Earth's interior.
The Tibetan Plateau is located in the convergent region of the Pacific, Indian, and Eurasian plates. It is the largest and highest plateau in the world and also has the youngest orogeny. Recent measurements from global positioning system in the plateau and its adjacent regions have suggested that the Tibetan Plateau is undergoing extremely inhomogeneous strong deformation. This deformation shows that the crust is shrinking in a north-south direction and stretching in an east-west direction as a result of the continuous subduction and collision of the Indian plate into the Eurasian plate Shen et al. 2005; Liang et al. 2013) . Seismic and gravity studies have suggested that the distribution of crust thickness is extremely complicated in this region, at about 70 km on average and nearly two times the mean crust thickness of the Earth (Zhang et al. 2011; Shin et al. 2015; Xu et al. 2017) . Additionally, the lithosphere of the Tibetan Plateau has strong heterogeneity and anisotropy (Yao et al. 2010) . This raises two questions: Can this special tectonic unit significantly influence the regional tidal response? And if so, how large is that influence?
Due to the advantages of very high sensitivity and stability, extremely low noise level and drift, and broad frequency range of dynamic linear responses, the superconducting gravimeters (SGs) play an important role in study of geophysics and geodynamics (Melchior et al. 1996; Sun et al. 1999 Sun et al. , 2003 Xu and Sun 2003; Hinderer and Crossley 2004; Crossley and Hinderer 2009 ).
During the past decades, the Institute of Geodesy and Geophysics, Chinese Academy of Sciences, successively established three permanent SGs at stations in Wuhan, Lhasa, and Lijiang (see the locations in Fig. 1 ). Lhasa is located in the southern part of the Tibetan Plateau near the northern side of the Himalayan Mountains. It is situated on flat land in a valley near the middle reaches of the Lhasa River, a tributary of the Brahmaputra River, with a crust thickness of about 75 km. Lijiang is located near the eastern-southern boundary of the Tibetan Plateau, and Wuhan is located in the central area of the ancient stable Yangzi platform, far from the plateau, with a crust thickness of about 34 km. All three SGs are the same type of model manufactured by GWR Instruments (San Diego, CA, USA) and include recording system. The latitudes for these three stations are more or less the same, such that the effects of ellipticity and rotation of the Earth on tidal gravity observations are nearly equal, and can be negligible in our case. Because the Tibetan Plateau is far away from the sea regions, the loading effects of the oceanic tides at the stations in Lhasa and Lijiang are relatively weak compared with station in Wuhan.
Researchers have attempted to make associations between the Earth's tidal gravity response and the physical properties of the lithosphere for years. Using global distribution observations from 227 tidal gravity stations and the regression technique, Shukowsky and Mantovani (1999) obtained an association between tidal gravity response and average blocks with the characteristic size of homogeneous lithosphere segments. They also showed a high correlation between M 2 tidal gravity anomalies and lithosphere effective Fig. 1 . Locations of the SG stations. elastic thickness. Latychev et al. (2009) used a finite volume numerical scheme to predict the response of a set of 3-D Earth models to a tide-generating potential while considering all three tidal bands. When they performed a series of numerical tests while also considering the elastic moduli, density, and dynamic topography, the resultant surface gravity changed in the semi-diurnal band by about 0.2 μgal.
The purpose of this study is to gain knowledge about the local influences of the Tibetan Plateau on regional tidal response. We used the SGs at three stations in Wuhan, Lhasa, and Lijiang to make continuous tidal gravity observations. We retrieved the gravimetric parameters from two years of continuous SG measurements, for which we carefully considered the loading effects of global and regional oceanic tides and local barometric pressure.
PrEPArATION OF THE SG ObSErVATIONS
In this study, we select two years of continuous recordings in Lhasa from 1 January 2011, to 31 December 2012, and in Lijiang and Wuhan from 1 January 2015 to 31 December 2016. Because of a broken SG data acquisition card in Lhasa, a gap of 286 hrs was appeared for the period from 25 November to 7 December 2011. Related information from the SGs at the three stations is given in Table 1 . We adopted the same data acquisition systems for these stations to automatically record changes in tidal gravity, barometric pressure, and temperature with a sampling rate of 1 s, respectively.
Similar to a spring gravimeter, the SG is also a relative instrument. Its original feedback output is given in voltage to describe relative gravity changes. Each SG's scale factor (i.e., the transfer function from output voltage to gravity value) must be determined accurately using a strategy of co-site comparison between the SGs and the FG-5 absolute gravimeter, by Micro-g LaCoste Company (Lafayett, CO, USA) (Hinderer et al. 1991; Sun et al. 2001; Amalvict et al. 2002; Riccardi et al. 2012; Van Camp et al. 2016 ). We conducted this calibration from 18 to 23 September 2013 in Lhasa; from 23 to 25 July 2014 in Lijiang; and from 20 to 24 June 2013 in Wuhan. Figure 2 compares the measurements taken with the SGs and the FG-5 at these three stations.
As seen in Fig. 2 
that was determined in a previous calibration , our scale factor was about 0.8% lower. The former scale factor was estimated by co-site comparison between the SG and Lacoste-Romberg (LCR) spring gravimeter (Earth Tidal model, No.20, ET20) , by Micro-g LaCoste Company (Lafayett, CO, USA). The scale factor of this LCR-ET20 was obtained at the Wuhan international tidal gravity benchmark station (Xu et al. 2000) . In fact, the gravity difference is extremely large because of the significant altitude difference at both Lhasa and Wuhan stations.
Using a remove-restore technique, we treated the original SG records with T-Soft, a graphic and interactive software package (Vauterin 1998) . We removed some bad records, such as spikes, steps, and large-amplitude vibrations caused by earthquakes, we modified the offsets; and interpolated small gaps. We used a low-pass filter to transform the 1 s sampled data series to the hourly ones. The resultant data series of tidal gravity changes are presented in Fig. 3 . We also treated the original station pressure records according to the same procedures (see also 
TIDAL GrAVITy ObSErVATIONS WITH THE SGS
After careful data preprocessing, we performed the harmonic analysis using the software package Eterna 3.30 (Wenzel 1996) , as recommended by the International Center for Earth Tides. We retrieved accurate tidal gravimetric parameters, including amplitude factors, phase lags, and their corresponding error estimation (see Table 2 ). For the harmonic analysis, we adopted the high-precision tide-generating potential developed by Hartmann and Wenzel (1995) .
Previous studies have shown that the loading effects of atmospheric pressure are the main sources of noise in tidal gravity observations and that more than 90% of the signals come from an area within 50 km surrounding the station. Previous studies also showed that the barometric gravity admittance (i.e., the transfer function from the local pressure to its resultant gravity change) is in a range from -0.3 to -0.4 μGal hPa -1 and about -0.3317 μGal hPa -1 on average (Merriam 1992; Sun 1997; Kroner and Jentzsch 1999; Boy et al. 2002 Boy et al. , 2006 Meurers 2012) . As show in Fig. 4 , the main components of pressure variations were concentrated in the D and SD bands. However, an annual signal can be found for station Wuhan, but no such variation was found for the stations in Lhasa and Lijiang, this is the special phenomena in plateau region. The peak-to-peak magnitude was as large as 49.48 hPa in Wuhan, and the dominant signals concentrated at the annual band. The pressure changes behaved primarily in short periods in D and SD bands in Lhasa and Lijiang, however, and the peak-to-peak magnitudes were 30.18 and 19.31 hPa, respectively. Using a linear regression technique between tidal gravity residuals and station pressure, we determined the atmospheric gravity admittances, they were as follows: -0.3721 ± 0.0006 μGal hPa -1 in Lhasa, -0.3603 ± 0.0022 μGal hPa -1 in Lijiang, and -0.3376 ± 0.0027 μGal hPa -1 in Wuhan. These results were in the range of theoretical simulations, and they increased with station altitude. After removing local pressure effects, the standard deviations in tidal gravity band decreased significantly by 77, 37, and 27% for the stations in Lhasa, Lijiang, and Wuhan, respectively.
When comparing the numerical results of tidal gravity amplitudes for different stations, we found that the observed amplitudes were slightly different. For example, the amplitude of wave O 1 , which is the most stable wave with the highest precision in the D band, was 31.93 μGal in Wuhan, which was about 2.9% larger than that obtained in Lhasa and was about 8.5% larger than that obtained in Lijiang. The precision of amplitude factor is 0.006% in Lhasa and 0.03% in Wuhan. In contrast, the amplitude of wave M 2 , which is the most stable wave with the highest precision in the SD band, was 65.30 μGal in Wuhan, which is about 1.1% lower than that obtained in Lhasa and about 6.2% less than that obtained in Lijiang. The precision of amplitude factor is 0.002% in Lhasa and 0.006% in Wuhan. These numerical results indicated that the precision of tidal gravity observations measured with the SGs was very high. The standard deviation in the tidal band was 0.0489 μGal in Lhasa, 0.1260 μGal in Lijiang, and 0.1694 μGal in Wuhan. For the main tidal waves with amplitudes exceeding 10 μGal, the precision of the amplitude factors was better than 0.05%, and for all other tidal waves with amplitudes exceeding 5 μGal, the precision is better than 0.14%. Therefore, these findings indicate the tidal gravity observations in this study can distinguish miniscule characteristics in the Earth's response to the tide-generating forces. Table 2 shows that the amplitude factor δ of S 1 had relatively large differences for the different stations: 1.59167 in Lhasa, 1.57459 in Lijiang, and 1.28292 in Wuhan. In addition, their phase differences Δφ were extremely abnormal. This analysis showed that these abnormalities were the result of the solar heating, which contributed to changes in local atmospheric pressure and expansion or shrinking of local rock. Such perturbation relating to solar heating was mixed in the SG observations for wave S 1 . The solar heating effects were much more conspicuous in Lhasa and Lijiang compared with the effects in Wuhan. Meanwhile, the solar heating effects were much weaker for the station in Wuhan.
The tidal gravity results are given here for the first time for station Lijiang. We also found that the tidal gravity parameters determined in Lhasa and Wuhan were in good agreement with those obtained in previous studies (Sun et al. 2005b Wei et al. 2012; Xu et al. 2012 Xu et al. , 2014 . Compared with the previous findings in Lhasa, the amplitude factors δ of the main tidal waves were about 0.8% larger as a result of evaluation bias in the scale factors in the previous studies, whereas the phase differences Δφ were nearly consistent.
LOADING COrrECTION OF OCEANIC TIDES
The global loading of oceanic tides will lead to obvious tidal gravity changes with same spectral pattern. To obtain a pure response of such tide-generating forces, we had to completely remove them. On the basis of the classical loading theory (Farrell 1972) , we simulated the tidal gravity loading vectors, including magnitude L and phase λ, using a global convolution technique that loaded Green's functions and oceanic tide models (Agnew 1997; Boy et al. 2003; Sun et al. 2005a ).
Schwiderski developed the first available global model of oceanic tides in 1980 based on numerical solution of the tidal movement equations, while considering global tidal gauge data (Schwiderski 1980) . In recent decades, with the development of satellite altimetry and additional tidal gauge data accumulation, many new oceanic tidal models, have been successfully developed. Previous studies have shown that the NAO99 global oceanic model (National Astronomical Observatory, Japan) will provide with the best results for stations in the Asian region (Sun et al. 2005a; Xu et al. 2014) . This model combines five-year data of Topex/Poseidon altimetry and density tidal gauge data recorded along the west Pacific area, in particular, areas near the Japanese islands (Matsumoto et al. 2000) . The model contains cotidal charts of seven D waves (i.e., Q 1 , O 1 , M 1 , P 1 , K 1 , J 1 , and OO 1 ) and nine SD waves (i.e., 2N 2 , μ 2 , N 2 , ν 2 , M 2 , L 2 , T 2 , S 2 , and K 2 ) with a spatial resolution of 0.5° × 0.5°. By using these co-tidal charts, we then evaluated the loading vector by considering the regional co-tides near China for waves O 1 , K 1 , M 2 , and S 2 (Fang et al. 1999) . The numerical results are presented in Table 3 .
We found that the loading effects were much lower for stations located in the Tibetan Plateau when compared with the effects at the station Wuhan. As seen in Table 3 , the loading effects were at a level less than 1 μGal at all three SG stations. Considering the tidal waves of the largest amplitudes as examples, the loading value was of 0.613 μGal in wave O 1 , which was about 1.9% of its observed tidal gravity amplitude in Wuhan. This loading value was also about 4.9 and 2.3 times larger than the ones in Lhasa and Lijiang. The loading effects contributed to a disturbance of 0.580 μGal in wave K 1 , which was about 1.5% of its observed tidal gravity amplitude in Wuhan, and the loading value was about 3.3 and 4.6 times larger than the disturbances in Lhasa and Lijiang. The loading effects resulted in a disturbance of 0.863 μGal in wave M 2 , which was about 1.3% of its observed tidal gravity amplitude in Wuhan, and this loading value was about 2.1 and 2.4 times larger than the ones in Lhasa and Lijiang. After subtracting the loading effects from these observations, we then obtained the gravimetric parameters describing the Earth's pure response to the tidegenerating forces (see also Table 3) .
From Table 3 , in Wuhan, it is evident that after removal of the oceanic loading signals, the gravimetric amplitude factors significantly decreased by 1.9, 1.2, and 1.2% for main tidal waves O 1 , K 1 , and M 2 , respectively, and decreased by 0.2 -3.8% for the other tidal waves. In Lhasa, the amplitude factors δ for the main waves O 1 , K 1 , and M 2 decreased by less than 0.3%, but changed only slightly for the other tidal waves. In Lijiang, the amplitude factor for wave O 1 decreased by 0.8%, and by less than 0.2% for the other tidal waves.
Our results show that the resultant phase differences Δφ changed significantly and were more reasonable after oceanic loading correction. Therefore, we concluded that oceanic loading effects should be considered when observing the high precision of tidal gravity and explaining the geophysical and geodynamical phenomena.
After removing the oceanic loading signals, the tidal gravity amplitude factors in Wuhan were in good agreement with the results from the theoretical simulation (Wahr 1981; Dehant et al. 1999; Mathews 2001 ) and also were in good agreement with the results from the experimental model Xu et al. 2004 ). After considering the Earth's rotation, ellipticity, and inelasticity, Mathews (2001) theoretically simulated the Earth's response to the tide-generating forces in 2001. In his simulation he modified some parameters in the preliminary reference Earth model to match the nutation measurements (Mathews 2001) .
Comparing the tidal gravity amplitude factors with theoretical simulation for the station in Wuhan, we found that the discrepancy was less than 0.04% on average for the main D waves, in which the discrepancy was 0.05% for wave O 1 and 0.02% for wave K 1 , which was in the range of the SG's measuring precision. Conversely, the average discrepancy was less than 0.14% for the main SD waves, in which the discrepancy was 0.15% for wave M 2 and 0.24% for wave S 2 .
The diagram comparing the amplitude factors for several main waves in the D and SD bands after oceanic loading correction is shown in Fig. 5 . We found that the amplitude factors did not have remarkable difference for the stations in the Tibetan Plateau as in Lhasa and Lijiang, and it was only at the level of 0.1% or less for most tidal waves. These factors, however, were significantly larger than those obtained in Wuhan. The analysis showed that in the D band, the amplitude factors were 0.25% (Lhasa) and 0.30% (Lijiang) larger than those measured in Wuhan, on average. For example, for wave O 1 , the amplitude factor was about 0.31% (Lhasa) and 0.23% (Lijiang) larger than that in Wuhan, and for wave K 1 , it was about 0.32% (Lhasa) and 0.37% (Lijiang) larger than that in Wuhan. In the SD band, the amplitude factors were 0.61% (Lhasa) and 0.48% (Lijiang) larger than those measured in Wuhan, on average. As an example, for wave M 2 , the amplitude factor was about 0.41% (Lhasa) and 0.43% (Lijiang) larger than that in Wuhan, and for wave S 2 , it was about 0.21% (Lhasa) and 0.16% (Lijiang) larger than that in Wuhan.
As we know, the main tidal waves O 1 , K 1 , M 2 , and S 2 have the highest signal-to-noise ratios, and the observations for wave S 2 may also have been contaminated more or less by solar heating radiation. The mean gravimetric amplitude factors of O 1 , K 1 , and M 2 , retrieved in Lhasa and Lijiang were about 0.27, 0.34, and 0.42% larger, respectively, than those measured in Wuhan. The mean difference was about 0.34%, which we regarded as a local influence of the Tibetan Plateau. Of course, these finding may reflect the comprehensive effects resulting from an elastic property of an extremely thick crust, the complicated structure in the regional lithosphere, and the strong heterogeneity and anisotropy of the medium.
DISCUSSION AND CONCLUSIONS
To study the regional response of the Tibetan Plateau to tide-generating forces, we used two-year continuous tidal gravity measurements recorded by SGs at three stations in China, Lhasa located in the central-southern area of the Tibetan Plateau; Lijiang, located in the eastern-southern edge of the Tibetan Plateau; and Wuhan, located in the plain, a central Yangzi platform and far away from the plateau. We accurately scaled all of the SGs by comparing the measurements with FG5 at a scaling precision as of better than 0.06%. The determined precision of tidal gravity amplitude factors was better than 0.05% for the main tidal waves and was better than 0.14% for the other tidal waves.
We considered the effects of atmospheric pressure on tidal gravity observations. The results indicated that these effects are significantly different between the station in the Tibetan Plateau (Lhasa and Lijiang) and the station in the plain (Wuhan). The barometric pressure change behaved mainly as short-period vibrations in D and SD bands in all three stations, but it also behaved mainly as annual variations of a large magnitude in Wuhan. We found that the barometric gravity admittance showed an increasing tendency with station altitude. After we removed pressure influence, the standard deviation of tidal gravity decreased significantly.
Considering the global oceanic models and regional models near China, the oceanic gravity loading signals was in a range from 0.2 -1.9% of the amplitude of the tidal gravity waves in Wuhan, but they were much lower in Lhasa and Lijiang. After removing these loading effects, the gravimetric amplitude factors measured in Lhasa decreased by about 0.3% on average, and decrease significantly by about 1.2% on average in Wuhan.
We found that no significant differences existed in the amplitude factors measured in Lhasa and Lijiang, but a relative remarkably difference was found when compared with the factors measured in Wuhan. The mean gravimetric amplitude factors of waves O 1 , K 1 , and M 2 were about 0.27, 0.34, and 0.42% larger than those measured in Wuhan, respectively. The tidal gravity anomaly was about 0.34%, which we regarded as a local phenomenon unique to the Tibetan Plateau.
Previous studies have shown that following the collision between the India Plate and Eurasia Plate, deep substance began to adjust and move. This resulted not only in a shortening and thickening of the Tibetan Plateau, but also in the lateral flow of the deep substance in the crust and upper mantle (Teng et al. 2012) . On the basis of the stratified velocity structure, especially the special layers beneath the Tibetan Plateau and its adjacent areas, research results have suggested that the crust beneath the Tibetan Plateau is very thick. Therefore, a special deep process and geodynamical environment exists beneath the hinterland of the Tibetan Plateau and periphery. Because of the SG's advantages of high precision and sensitivity, the tidal gravity observations surely have the potential to distinguish miniscule characteristics in the Earth's regional tidal deformations. Because estimated accuracy of the tidal gravimetric amplitude factors is better than 0.05%, the results given in this study appear to have the potential to reveal the influence of an unusual regional tectonic structure and lithosphere effective elastic thickness.
The tidal gravity observations in Wuhan, however, illustrated the tidal deformation of a "mean Earth". From our numerical results and analysis, we found that the loading effects from oceanic and atmospheric tides should not be used to explain differences in the gravimetric amplitude factors obtained from the stations located in the Tibetan Plateau and in the plain. Jiang et al. (2014) demonstrated that the effective elastic thickness in the central part of Tibetan Plateau was 35 -45 km, which was much larger than that in other areas. Therefore, the altitudes of the SGs at the three stations and the thickness and elastic properties of the crust and upper mantle must be responsible for these observed anomalies. In other words, referring to the results given by Shukowsky and Mantovani (1999) , the lithosphere effective elastic thickness in the Tibetan Plateau area does have a significant influence on high-precision tidal gravity results.
To draw specific conclusions, however, further investigations are needed, including theoretical simulations of the Earth's deformation under the attraction of the celestial bodies, in which the thickness and complicated structure under the Tibetan Plateau should be considered. More accurate estimations of these gravimetric parameters with longer accumulated SG observations also are necessary.
